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Abstract—In this contribution multicarrier direct-sequence
code-division multiple-access (MC DS-CDMA) using space–time
spreading (STS)-assisted transmit diversity is investigated in the
context of broadband communications over frequency-selective
Rayleigh-fading channels. We consider the issue of parameter
design for the sake of achieving high-efﬁciency communications
in various dispersive environments. Furthermore, in contrast to
conventional MC DS-CDMA schemes employing time (T)-domain
spreading only, in this contribution we also investigate broadband
MC DS-CDMA schemes employing both T-domain and frequency
(F)-domain spreading, i.e., employing TF-domain spreading. The
bit-error rate (BER) performance of STS-assisted broadband MC
DS-CDMA is investigated for downlink transmissions associated
with the correlation based single-user detector and the decor-
relating multiuser detector. Our study demonstrated that when
appropriately selecting the system parameters, broadband MC
DS-CDMA using STS-assisted transmit diversity constitutes a
promising downlink transmission scheme. This scheme is capable
of supporting ubiquitous communications over diverse communi-
cation environments without BER performance degradation.
Index Terms—Broadband system, code-division multiple ac-
cess (CDMA), frequency-domain spreading, frequency-selective
fading, multicarrier direct-sequence code-division multiple-access
(MC-DS-CDMA), multicarrier CDMA, multicarrier modulation,
multiuser detection, space–time spreading (STS), transmit diver-
sity.
I. INTRODUCTION
O
NE of the basic requirements in broadband mobile
wireless systems is that of supporting the expected
high bit rates required by wireless Internet services and for
delivering high-speed multimedia services. However, the
achievable capacity and data rate of wireless communication
systems are limited by the time-varying characteristics of the
dispersive fading channel. An efﬁcient technique of combating
the time-varying effects of wireless channels is employing
diversity. In recent years, space–time coding has received
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much attention as an effective transmit diversity technique
used for combating fading in wireless communications [1]–[3].
Inspired by space–time codes, in [4] an attractive transmit di-
versity scheme based on space–time spreading (STS) has been
proposed for employment in code-division multiple-access
(CDMA) systems [5]. An STS scheme designed for supporting
two transmission antennas and one receiver antenna has been
included also in the cdma2000 wideband CDMA (W-CDMA)
standard [5], [6]. In [4], the performance of single-carrier
CDMA systems using STS has been investigated, when the
channel is modeled either as a ﬂat or as a frequency-selective
Rayleigh-fading channel in the absence of multiuser interfer-
ence (MUI).
In this contribution, we investigate the issues of parameter
design and bit-error rate (BER) performance of broadband
multicarrier direct-sequence CDMA (MC DS-CDMA) using
STS-assisted transmit diversity, when communicating over
frequency-selective Rayleigh-fading channels. The reason of
considering broadband MC DS-CDMA is because it constitutes
a generalized multiple-access scheme [5], [7]–[10] which
exhibits a high grade of design high ﬂexibility. MC DS-CDMA
possesses a range of parameters that can be adjusted for sat-
isfying the required design tradeoffs. Our objective in the
context of parameter design is to conﬁgure the broadband MC
DS-CDMA scheme for achieving high-efﬁciency communi-
cations in various propagation environments characterized
by different grade of dispersion. In this contribution, specif-
ically, synchronous downlink (base-to-mobile) transmission
of the user signals is considered and the BER performance
is evaluated for a range of parameter values. Furthermore, in
contrast to the family of conventional MC DS-CDMA schemes
employing time (T)-domain spreading only, in this contribution
we also investigate the broadband MC DS-CDMA scheme’s
performance, when employing both T-domain and frequency
(F)-domain spreading, i.e., employing TF-domain spreading.
A typical advantage of using TF-domain spreading in MC
DS-CDMA is that the maximum number of users supported is
determinedbytheproductoftheT-domainspreadingfactorand
the F-domain spreading factor. Therefore, the MC DS-CDMA
system using TF-domain spreading is capable of supporting
a signiﬁcantly higher number of users, than in case of using
solely T-domain spreading, since in this case the maximum
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Fig. 1. The transmitter schematic of the MC DS-CDMA system using space-time spreading.
number of users supported is determined by the T-domain
spreading factor alone. The performance of the STS-assisted
broadband MC DS-CDMA scheme using TF-domain spreading
is investigated in conjunction with both the correlation based
single-user detector and the decorrelating multiuser detector
[5], [11]. Our study shows that a high number of users can
be supported by broadband MC DS-CDMA using TF-domain
spreading, without having to impose tradeoffs in terms of the
achievable diversity order.
The remainder of this contribution is organized as follows. In
the next section, the STS-assisted broadband MC DS-CDMA
schemeisdescribedandtherequiredparametervaluesareinves-
tigated. In Section III, we derive the achievable BER and char-
acterizetheBERperformanceofthebroadbandMCDS-CDMA
scheme using STS. Section IV considers the achievable system
capacity improvement of broadband MC DS-CDMA using STS
and TF-domain spreading. Finally, our conclusions are offered
in Section V.
II. SYSTEM DESCRIPTION
A. Transmitter Model
The system considered in this paper is an orthogonal MC
DS-CDMAscheme[5],[8]using numberofsubcarriers,
number of transmitter antennas, and one receiver antenna. Fur-
thermore, in this paper, a synchronous MC DS- CDMA scheme
is investigated, where the user signals are transmitted syn-
chronously. The transmitter schematic of the th user is shown
in Fig. 1, where real-valued data symbols using binary phase-
shift keying (BPSK) modulation and real-valued spreading [4],
[5] were considered. Fig. 2 shows the frequency arrangement of
the subcarriers. As shown in Fig. 1, at the transmitter side
a block of data bits each having a bit duration of is
serial-to-parallel (S-P) converted to parallel subblocks. Each
parallel subblock has data bits, which are space–time spread
usingtheschemesof[4]withtheaidof orthogonalspreading
codes [5]
Fig. 2. Spectrum of orthogonal MC DS-CDMA signals having a minimum
subcarrierspacingof1=T ,wherethezero-to-zerobandwidthofeachDSspread
signal is 2=T .
and mapped to transmitter antennas. The symbol duration of
the STS signals is , and the discrete period of the orthog-
onal codes is , where and
represents the chip duration of the orthogonal spreading codes.
The orthogonal codes take the form of
where and they obey the relationship of
whenever or . Furthermore, represents
the chip impulse waveform deﬁned over the interval of .
Sincethetotalnumberoforthogonalcodeshavingadiscretepe-
riod of is and since each user requires orthog-
onal codes for STS, the maximum number of users supported
by these orthogonal codes is . As seen in Fig. 1, fol-
lowing STS, each STS block generates parallel signals to be
mapped to the transmitter antennas. For each transmitter an-
tenna,thespeciﬁc STSsignalsgeneratedbythe STSblocks
are then repeated times, so that each STS signal is transmitted
on subcarriers. The corresponding number of subcarreirs
are selected for guaranteeing that the same STS signal is trans-
mitted by the speciﬁc subcarriers having the maximum pos-
sible frequency spacings, so that they experience independent
fading and hence achieve maximum frequency diversity for aYANG AND HANZO: PERFORMANCE OF BROADBAND MULTICARRIER DS-CDMA 887
given value. Speciﬁcally, let be the subcar-
rier frequencies, which are arranged according to Fig. 2. These
subcarrier frequencies can be written in the form of a matrix as
. . .
. . .
...
. . .
(1)
Then, an STS signal will be transmitted using the subcarrier
frequenciesfromthesamerowof(1).Finally,asshowninFig.1,
the inverse fast Fourier transform (IFFT) is invoked for carrying
out multicarrier modulation, and the IFFT block’s output signal
is transmitted using one of the transmitter antennas.
The general form of the th user’s transmitted baseband
signal corresponding to the transmitter antennas can be
expressed as
(2)
where represents the transmitted power per subcarrier
expressedas ,thefactor inthedenom-
inator is due to the -depth repetition, while the factor of
represents STS using orthogonal codes and transmitter
antennas. In (2), —where
the superscript denotes the vector or matrix transpose—rep-
resents the transmitted signal vector of the transmitter an-
tennas, represents the -depth repetition operation, which
is a matrix expressed as with
being a unity matrix of rank . Furthermore, in (2),
is a -dimensional matrix representing the outputs
of the STS. The STS invoked in matrix can be expressed as
, where is a -dimensional matrix
constituted by orthogonal codes, which can be expressed as
. . .
. . .
...
. . .
. . .
. . .
...
. . .
. . .
. . .
...
. . .
. . .
. . .
. . .
. . .
...
. . .
. . .
(3)
In(2), isa matrixmappedfromthe subblockdata
bits, according to the requirements of the STS [4]. Speciﬁcally,
the matrix can be expressed as
(4)
where for are -dimensional ma-
trices, which obey the structure of
. . .
. . .
...
. . .
(5)
where represents the sign of the element at the th row and
the th column, which is determined by the STS design rule,
while in isthedatabitassignedtothe thelement,
which is one of the input data bits of
user . For example, for , the corresponding
matrices are given by [4]
(6)
Finally,in(2), representsthemulticarriermodulatedvector
of length , which can be expressed as
Equation (2) represents the general form of the transmitted
signals using STS, regardless of the values of , , and
. However, the study conducted in [4] has shown that STS
schemes using , i.e., those having an equal number
of data bits, orthogonal STS-related spreading sequences, as
well as transmission antennas constitute attractive schemes,
since they are capable of providing maximal transmit diversity
without requiring extra STS codes. Therefore, in this contribu-
tion, we only investigate these attractive STS schemes, and our
results are mainly based on MC DS-CDMA systems using two
or four transmitter antennas.
As an example, for the case of , the MC
DS-CDMAsignalstransmittedbyantenna1and2canbesimply
expressed as
(7)
Note that in (7), the explicit notation indicating the time depen-
dence of has been omitted for notational convenience,
since in this contribution only synchronous transmissions are
considered.
B. Channel Model and System Parameter Design
Thechannels are assumedtobe slowlyvarying frequency-se-
lective Rayleigh-fading channels and the delay spreads are
assumed to be limited to the range of , where
corresponds to the environments having the shortest delay
spread considered, for example, in an indoor environment,
while is associated with an environment having the highest
possible delay spread, as in an urban area. Below, we impose
some limitations on the set of parameters used by STS-assisted
MC DS-CDMA, in order to ensure that MC DS-CDMA operate888 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 4, NO. 3, MAY 2005
Fig. 3. The receiver schematic of the MC DS-CDMA system using space–time spreading.
efﬁciently in different dispersive environments having a delay
spread in the range of .
• In order to ensure that STS maintains the required fre-
quency diversity order in different communication envi-
ronments, we conﬁgure the system such that each subcar-
rier signal is guaranteed to experience ﬂat fading. The re-
quired frequency diversity is attained by combining the
independently faded subcarrier signals, with the aid of
F-domain repetition. Since the delay spread experienced
in different communication environments is assumed to
be limited to the range of , the ﬂat-fading condi-
tion of each subcarrier in these different communication
environments is satisﬁed, provided that .
• Inordertoachievethehighestpossiblegradeoffrequency
diversity for a given number of combined subcarrier sig-
nals, the subcarrier signals combined must experience
independent fading. This implies that the F-domain
spacing between the speciﬁc subcarriers that are com-
bined must be higher than the maximum coherence
bandwidth of [12]. Let be the
number of subblocks after the S-P conversion stage of
Fig. 1. Then, according to Fig. 2 and (1), the above condi-
tion is satisﬁed, if , i.e., .
According to the above design philosophy, it can be shown that
an MC DS-CDMA system having and
is capable of achieving a constant frequency-selective diversity
order, provided that the delay spread of the wireless channels
encountered falls in the range of .
Assuming that user signals in the form of (2) are trans-
mitted synchronously over Rayleigh-fading channels, the re-
ceived complex low-pass equivalent signal can be expressed as
(8)
where represents the th row of the matrix , is the
complex valued low-pass-equivalent additive white Gaussian
noise (AWGN) having a double-sided spectral density of ,
while
is a diagonal matrix of rank , which represents the channel’s
compleximpulseresponseinthecontextofthe thantenna.The
coefﬁcients , ; in are
independent and identically distributed (i.i.d.) random variables
obeying the Rayleigh distribution, which can be expressed as
(9)
where . Furthermore, the phases ,
; are introduced by the
fading channels and are uniformly distributed in the interval
.
Speciﬁcally, for the case of , the received
complex low-pass equivalent signal can be expressed as
(10)
C. Receiver Model
Let the ﬁrst user be the user-of-interest and consider a
receiver employing fast Fourier transform (FFT)-based mul-
ticarrier demodulation, space–time despreading, as well as
diversity combining, as shown in Fig. 3. The receiver of Fig. 3
essentially carries out the inverse operations of those seen in
Fig. 1. In Fig. 3, the received signal is ﬁrst demodulated using
FFT-based multicarrier demodulation, obtaining number
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on subcarriers. Then, each stream is space–time despread
using the approach of [4], in order to obtain separate vari-
ables, , corresponding to the data
bits transmitted on the th stream, where ,
respectively. Following space–time despreading, a deci-
sion variable is formed for each of the transmitted data bits
, which can be expressed as
(11)
Finally, the number of transmitted data bits can be decided
based on the decision variables
using the conventional decision rule of a BPSK
scheme. Let us now investigate the achievable BER perfor-
mance.
III. BIT-ERROR RATE ANALYSIS
In this section, we derive the BER expression of the broad-
band MC DS-CDMA system using STS, which was described
in Section II. As an example, we derive the BER expression in
detail for STS-based MC DS-CDMA using the parameters of
. The generalized BER expression of MC
DS-CDMA using the set of attractive STS schemes, i.e., using
etc., is then derived from the case of
without providing the detailed derivations,
since the extension is relatively straightforward.
For the case of , the analysis can be com-
menced from (10). Let , —where —
represent the correlator’s output variables corresponding to the
ﬁrst two data bits transmitted on the th subcarrier, where
(12)
(13)
Since orthogonal multicarrier signals, orthogonal STS codes,
synchronous transmission of the user signals, as well as
slowly ﬂat-fading of each subcarrier are assumed, there is
no interference between the different users and the different
subcarrier signals. Therefore, when substituting (10) into (12)
and (13), we have
(14)
(15)
where , is due to the AWGN expressed as
which is a complex Gaussian distributed variable having zero
mean and a variance of .
Assuming that the receiver has perfect knowledge of the
fading parameters of , the decision vari-
ables corresponding to the data bits , associated
with the th subcarrier can be expressed as
(16)
(17)
for .
Finally, after combining the replicas of the same signal
transmitted on the subcarriers, the decision variables corre-
sponding to the two bits in the th subblock can be expressed as
(18)
(19)
for .
Since of (16) and of (17) are
i.i.d. random variables for different values associated with a
mean of
and variance of
conditioned on and , it is well rec-
ognized [4] that the conditional BER can be expressed as
(20)
where represents the Gaussian -function,
, and . Finally, with
the aid of (9) and [12, p. 781], it can be readily shown that the
average BER can be expressed as
(21)
where .
For the general case of etc., the deci-
sion variable corresponding to the ﬁrst bit in the subblock
can also be expressed as in (18), but with given
by
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Fig. 4. Numerical (lines) and simulated (markers) BER versus the SNR
per bit, E =N , performance for the broadband MC DS-CDMA using STS
based transmit diversity, when communicating over frequency-selective
Rayleigh-fading channels evaluated from (23).
where is an AWGN process having a zero
mean and a variance of . The av-
erage BER for the case of etc., can
be expressed as
(23)
Note that according to (18) and (22), by using STS and F-do-
main subcarrier repetition, the diversity order achieved is ,
providedthat transmitterantennasand -depthF-domainrep-
etition schemes were used. The resultant diversity order of
can also be seen in (23).
Fig. 4 shows both the numerical and simulation based BER
results, which are drawn using lines and markers, respectively,
for , , as well as for , . From
the results we observe that at a BER of , using two trans-
mitter antennas rather than one yields a gain of approximately
5.0 dB. Furthermore, when transmitter antennas and an
repetition depth of are considered instead of ,
, the diversity gain achieved is approximately 9.0 dB.
The BER performance of Fig. 4 can be achieved, provided
that the number of orthogonal STS codes is sufﬁciently high for
supporting the number of users without reuse. Based on our
arguments in Sections II and III, the number of orthogonal STS
codes is given by . Since each user requires
orthogonal STS codes, the maximum number of users sup-
ported by the orthogonal STS codes is given by
. In other words, if the number of users supported by
the synchronous broadband MC DS-CDMA system designed
according to the philosophy of this paper obeys , the
BER performance of Fig. 4 can be achieved for transmissions
over frequency-selective Rayleigh-fading channels. For the at-
tractive STS schemes using etc., the
maximum number of users supported by the orthogonal STS
codesis .Itcanbeseenthatinthiscasethenumber
of users supported is independent of the number of transmitter
antennas, whichemphasizestheadvantages oftheSTSschemes
using the speciﬁc values of etc. [4].
Let and the total number of subcarriers
be constants. Then, the maximum number of users supported
by the broadband MC DS-CDMA system depends only on the
repetition depth . Speciﬁcally, the maximum number of users
supported decreases, when increasing the subcarrier repetition
depth ,i.e.whenincreasingthefrequencydiversityorder.Con-
sequently, the maximum number of users supported and the fre-
quency diversity gain achieved have to obey a tradeoff. This
is not a desirable result. We would like to achieve the max-
imum transmit diversity gain as well as the required frequency
diversity gain without having to accept any other tradeoff, i.e.,
without decreasing the total number of users supported by the
system. Let us now consider this issue in the next section.
IV. CAPACITY EXTENSION USING TIME–FREQUENCY-DOMAIN
SPREADING
A. System Description
In this section, we propose and investigate an MC DS-
CDMA, which employs both time (T)-domain and frequency
(F)-domain spreading, i.e., it employs TF-domain spreading.
The transmitter schematic of the STS-assisted broadband MC
DS-CDMA using TF-domain spreading is similar to that seen
in Fig. 1, except that the -depth subcarrier repetition of
Fig. 1 is now replaced by the F-domain spreading associated
with an orthogonal spreading code of length . Speciﬁcally,
let be the th user’s orthogonal
code in discrete form, which will be used for the F-domain
spreading. By contrast, the th user’s T-domain orthogonal
codes used for STS have been expressed in Section II as
, in continuous form. In the broadband
MC DS-CDMA system using TF-domain spreading, the
subblock signals of user after STS are now further spread
over the F-domain using the above F-domain spreading codes.
The signals transmitted from the transmitter antennas can be
expressed as
(24)
where all variables have the same interpretations as those
in (2), except that the repetition matrix of (2) is now re-
placed by in (24), which represents the F-domain spreading
and is a -dimensional matrix expressed as
, where ,
are diagonal matrices of rank , which can be expressed as
.
Speciﬁcally, for , the TF-domain spread
MC DS-CDMA signals transmitted by antenna 1 and 2 can be
simply expressed as
(25)
The total number of users supported by the broadband MC
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mentoforthogonalcodestotheusersisanalyzedasfollows.Ac-
cording toour analysisinSections II and III,thetotal numberof
orthogonalcodesthatcanbeusedforSTSis andthemax-
imum number of users supported by these orthogonal codes is
. By contrast, the total number of orthogonal
codesthatcanbeusedforF-domainspreadingis .Thisimplies
that even if number of users share the same set of STS codes,
these user signals might be distinguishable with the aid of the
associated number of F-domain spreading codes. Explicitly,
the total number of users supported is .
Therefore, the orthogonal spreading codes can be assigned as
follows. If the number of users is in the range of
, these users will be assigned the required orthogonal STS
codes and the same F-domain orthogonal spreading code. How-
ever,when thenumberof usersis intherange of
, ,thenthesamesetof STSor-
thogonalcodesmustbeassignedto or users,butthese
or usersareassigneddifferentF-domainspreadingcodes.
These or usersemployingthesamesetof STScodes
areidentiﬁedbytheircorrespondingF-domainspreadingcodes.
Since the subcarrier signals across which F-domain spreading
takes place encounter independent fading, the orthogonality of
the F-domain spreading codes cannot be retained. Hence, MUI
is inevitably introduced, which degrades the BER performance,
when increasing the number of users sharing the same set of
STS orthogonal codes.
Let be the number of users sharing the same set
of STS orthogonal codes. We also assume that any set of
STSorthogonalcodesissharedbythesame numberofusers.
Then, when the signals expressed in the form of (24)
aretransmittedoverfrequency-selectivefadingchannels,there-
ceived complex low-pass equivalent signal can be expressed as
(26)
where and have the same interpretation as in (8).
Speciﬁcally, for the case of , can be
expressed as
(27)
The receiver schematic of the MC DS-CDMA scheme using
TF-domain spreading is similar to that of Fig. 3, except that the
de-repetition operation seen in Fig. 3 is now replaced by the
F-domain despreading.ThesignalsattheoutputoftheDe-STS’
block of Fig. 3 can be detected by invoking a range of single- or
multiuser detection schemes.
B. Signal Detection
Following the derivations in Section III, for the general
case of etc., the decision variable
in terms of the ﬁrst data bit in the subblock
and the subcarrier can now be expressed as
(28)
where is an AWGN process having zero mean and a
variance of .
Let
(29)
(30)
. . .
. . .
...
. . .
(31)
(32)
(33)
Then (28) can be written in a matrix form as
(34)
Detection of the MC DS-CDMA signals of (34) is similar
to the detection of the conventional MC-CDMA signals using
solelyF-domainspreading,wheresingle-userdetectors[5],[13]
or multiuser detectors [5], [14], [15] can be employed. In this
paper, as examples, we investigate two detection algorithms,
namely, the single-user correlation detector and the multiuser
decorrelating detector [5], [11]. In the context of the correlation
detector, let represent the decision
variables. Then, these decision variables are obtained by multi-
plying both sides of (34) with , which can be expressed as
(35)
where
. . .
. . .
...
. . .
(36)
is the correlation matrix among the user signals, while
represents the correlation factor between user and user ,
which can be expressed as
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Equation (35) suggests that the diversity gain contributed
both by the transmit diversity and frequency diversity can be
retained, since we have a double sum of the components
corresponding to the transmit and frequency diversity orders
of and , respectively. However, MUI is introduced by
the channel’s time-varying characteristics. Finally, the cor-
responding data bits, , , are decided
according to for , where
represents the th row of , while is the sign
function [11].
Notethatthecorrelationfactors in(37)aretime-variant
due to the time-varying nature of the channel’s fading envelope.
However, since , it can be shown
that , provided that the sum of
is identical for different values of . Moreover, it can be
shown that the correlation factors are contributed by
the differences of the sums experienced
according to the different values of , while the common part of
in terms of the different values of can be
successfully removed due to the orthogonality of the F-domain
spreading codes. Speciﬁcally, let
where representstheaveragevalueof in
terms of , while
Then, (37) can be written as
(38)
Fig. 5 shows the probability density function (pdf) of the cor-
relation factor between the signals of user 1 and user 2
for a two-user MC DS-CDMA system employing STS-based
transmit diversity, when communicating over frequency-selec-
tive Rayleigh-fading channels. The curves show that the cor-
relation factor using and transmitter antennas is
symmetrically distributed around . An important ob-
servation is that the correlation factor’s value is predominantly
distributed in the vicinity of and becomes similar to
a truncated Gaussian random variable distributed within
having a relativelylow variance, when increasing the number of
transmitter antennas. Thisobservation implies thatSTS using
severaltransmitterantennashastwo-foldimportance.First,
it is capable of providing spatial diversity. Second, it is ca-
pable of suppressing the MUI imposed by the F-domain de-
spreading.
In the context of the decorrelating detector, the decision vari-
ables associated with are obtained by multiplying
both sides of (35) with the inverse of , i.e., with , which
can be expressed as
(39)
Fig. 5. Simulated pdf of the correlation factor ￿ for a two-user MC
DS-CDMA using T =1 ;2; or 4 transmitter antennas and STS, when
communicating over frequency-selective Rayleigh-fading channels.
and the corresponding data bits , are
decided according to , .
Equation (39) shows that each user’s data can be decided
independently of the other users’ data and the diversity order
achieved is . Let us now provide a range of simulation
results for the STS-assisted broadband MC DS-CDMA system
using TF-domain spreading.
C. BER Performance
The BER versus SNR per bit, , performance of both
the correlation detector and that of the decorrelating detector
is shownin Figs. 6 and 7 for the TF-domain spread broadband
MC DS-CDMA systems. In both ﬁgures, we considered
transmitter antennas and supporting , ,
, and users corresponding to
where represented the maximum number of users sup-
ported by the T-domain orthogonal spreading codes without
imposing MUI. The difference between Fig. 6 and Fig. 7 is
that in Fig. 6, the length of the F-domain spreading codes was
, while in Fig. 7, it was . As expected, we observe
in both ﬁgures that the BER performance is signiﬁcantly im-
proved,whenthecorrelationdetectorisreplacedbythedecorre-
latingdetector.Forboththecorrelationdetectorandthedecorre-
latingdetector,theBERperformancedegrades,whenincreasing
the number of users sharingthe same T-domainspreading code,
i.e., when increasing the value of . However, the BER in-
creaseduetoincreasingthevalueof issigniﬁcantlylowerfor
the decorrelating detector, than that of the correlation detector.
Furthermore, upon comparing Fig. 6 to Fig. 7, we observe that
the BER performance of the decorrelating detector is closer to
the BER performance without MUI, when using (Fig. 7)
instead of (Fig. 6).
In Fig. 8 we investigated the BER performance of both the
correlation detector and that of the decorrelating detector for
variousnumbersoftransmitterantennas,namely,for
and for F-domain spreading codes, while main-
taining a constant value of eight. In our experiments, we
assumed that , i.e., that each set of T-domain STSYANG AND HANZO: PERFORMANCE OF BROADBAND MULTICARRIER DS-CDMA 893
Fig. 6. Simulation-based BER versus the SNR per bit, E =N , performance
of both the correlation detector and decorrelating detectors for STS-based
broadband MC DS-CDMA using TF-domain spreading, when communicating
over frequency-selective Rayleigh fading channels.
Fig. 7. Simulation-based BER versus the SNR per bit, E =N , performance
of both the correlation detector and decorrelating detector for STS-based
broadband MC DS-CDMA using TF-domain spreading, when communicating
over frequency-selective Rayleigh-fading channels.
codes was shared by two users. Let the maximum number of
users supported by the T-domain codes be , while using
the parameters of . Then, for a broadband
MC DS-CDMA system having a constant system bandwidth,
the maximum number of users, supported by the T-do-
main codes and using the parameters of
or is or , respectively. In
other words, there is a maximum of two, four, or eight users
sharing the same set of orthogonal STS codes, corresponding
to the cases of , ,o r
, respectively. From the results we infer the following
observa-tions. a) All schemes achieve the same total diversity
gain. b) The number of transmitter antennas has the same ef-
fect on the BER performance as the length of the F-domain
Fig. 8. Simulation-based BER versus the SNR per bit, E =N , performance
of both the correlation detector and decorrelating detector for STS based
broadband MC DS-CDMA using TF-domain spreading, when communicating
over frequency-selective Rayleigh-fading channels.
spreading codes, i.e., the same BER can be maintained, regard-
less of what values and take, provided that the product
remains a constant. c) The decorrelating detector signiﬁcantly
outperforms the correlation detector. The gain achieved at the
BERof byusingmultiuserdetectioninsteadofsingle-user
detection is about 5–6 dB. d) The maximum number of users
sharingthesamesetofSTSorthogonalcodesistwo,four,
or eight, when we use the parameters ,
,o r . Furthermore, since, according to
Figs. 6 and 7, the BER performance degrades upon increasing
the number of users sharing the same set of STS orthogonal
codes, consequently, for a fully loaded system using the max-
imum values of , we can surmise that MC DS-CDMA
employing outperforms the scheme using the
parameter combinations of both and
. Furthermore, the MC DS-CDMA system using the
parameters outperforms that employing
. The above arguments suggest that the best broad-
bandMC DS-CDMA system willonly use transmit diversity
and no frequency diversity at all, i.e., use the parameters
, which simultaneously suggests that no mul-
tiuser detection is required.
V. CONCLUSION
In this contribution, we have investigated the performance of
a broadband MC DS-CDMA using STS-assisted transmit di-
versity, when frequency-selective Rayleigh-fading channels are
considered.The issue of parameter design has been investigated
motivated by the objective of ensuring that the same broadband
MC DS-CDMA scheme is equipped to provide efﬁcient com-
munications in various fading channels having different grade
of frequency selectivity. The BER performance of the broad-
bandMCDS-CDMAsystemusingSTShasbeenevaluatedboth
analytically and by simulation. Furthermore, we have consid-
ered the capacity extension achievable by STS assisted broad-
band MC DS-CDMA with the aidof TF-domain spreading. The
corresponding BER performance has been investigated in the894 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 4, NO. 3, MAY 2005
context of the single-user correlation detector and the decorre-
lating multiuser detector for transmissions over frequency-se-
lective Rayleigh-fading channels. In summary, the broadband
MC DS-CDMA using STS-assisted transmit diversity has the
following characteristics.
• By appropriately selecting the system parameters, the
same broadband MC DS-CDMA system using STS-as-
sisted transmit diversity is rendered capable of achieving
a similar BER performance in various communication
environments characterized by different grades of fre-
quency selectivity.
• It is capable of mitigating the peak-to-average power
ﬂuctuation experienced, since with the advent of DS
spreading of the subcarriers we require only a decreased
number of subcarriers.
• Using multiple transmit antennas in MC DS-CDMA, the
system becomes capable of providing transmit diversity
and, simultaneously, suppressing the multiuser inter-
ference. The associated STS-based transmit diversity
scheme used in MC DS-CDMA can be designed for
maintaining a constant diversity gain in various fading
channels havinga different grade of frequencyselectivity.
• When the STS-assisted broadband MC DS-CDMA
scheme employs both T-domain and F-domain spreading,
the maximum number of users supported becomes sig-
niﬁcantly higher than that employing solely T-domain
spreading. The higher number of users supported is
achieved without any tradeoffs imposed on the achiev-
able diversity order.
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